Abstract. Portal vein hypertension generally occurs in liver diseases like hepatic cirrhosis. It causes hemodynamic changes that are closely related to liver disease. At advanced stages of hepatic cirrhosis, portal vein hypertension leads to the atrophy of the right lobe of the liver and the hypertrophy of the left lobe through a process that has not yet been fully explained. Based on the hemodynamic changes that are known to occur, we hypothesize that liver volume is related to the distribution of blood flowing from the splenic vein (SV) that carries hepatotrophic factors from the spleen and pancreas. We studied blood flow in the portal vein system to validate this hypothesis through in vitro experimentation and a computational fluid dynamics (CFD) analysis involving both simplified and patient-specific models based on four healthy subjects and two patients with liver cirrhosis. The results confirmed the hypothesis that right-lobe atrophy is significantly influenced by the distribution of blood from the SV. Moreover, the patients with liver cirrhosis had a significantly larger mass fraction of spleen-derived blood in the left portal vein branch (LPV) than healthy subjects, a result consistent with right-lobe atrophy and left-lobe hypertrophy.
Introduction
The portal vein is the liver's main blood vessel, supplying 70%-80% of blood that passes through the liver [1] from the digestive tract, spleen, pancreas and gallbladder. The portal system transports abundant nutrients into the liver, not only to provide energy for the liver's metabolism but also to synthesize new substances for use by other tissues. The portal vein system is composed of the superior mesenteric vein (SMV) and SV joining to form the portal vein (PV), which then divides into the LPV and the right portal vein branch (RPV) entering the left and right lobes of the liver, respectively [2] . The portal system delivers nutrients from the intestine through the SMV and hormones from the pancreas and spleen through the SV into the liver, where nutrient metabolism and detoxification take place [3] .
Liver cirrhosis creates resistance to blood flow through the portal system, causing persistent increased portal vein pressure known as portal hypertension [4] . When pressure in the PV increases, ramus communicans between the PV and the vena systemic may form. Then a large amount of blood intended to flow through the PV may instead flow into systemic circulation, bypassing the liver and resulting in abdominal wall and esophageal vein dilation, splenomegaly and hypersplenism, hepatic decompensation, and ascites. Gastroesophageal varices present the most serious consequence of this process. If these varices break, they can cause acute hemorrhage in the upper digestive tract that is often fatal [5, 6] .
At advanced stages of hepatic cirrhosis, portal hypertension leads to the atrophy of the right lobe of the liver and the hypertrophy of the left lobe [7] , a phenomenon which has not yet been definitively explained. Liver volume is directly related to liver function and the patient's prognosis [8] . Thus, patients with serious liver atrophy usually have poor liver function and liver reserve function, and therefore they are prone to hepatic decompensation and liver failure. The right lobe's volume represents two-thirds of the total liver volume; thus, it is critical to prevent right hepatic lobe atrophy in order to improve liver function in patients with cirrhosis and portal hypertension.
As described above, the PV supplies the liver with enterogenous blood flow from the SMV and spleen blood flow from the SV. Enterogenous blood flow contains nutrients absorbed from the intestine which are delivered to the liver for further processing, biological transformation and utilization. Due to the joining of the venae pancreaticae, blood traveling from the spleen contains hormones, like insulin and glucagon that are known to promote hepatocyte proliferation [9, 10] . Consequently, it seems reasonable to propose that liver volume is related to the distribution of blood from the SV, which carries hepatotrophic substances from the spleen and pancreas. Under normal circumstances, the blood flowing from the SV through the PV is uniformly distributed between the left and right lobes. However, when liver cirrhosis causes changes in the PV, the distribution of blood from the SV changes. This can result in the routing of more hepatotrophic substances to the left lobe and less to the right lobe, which may lead to the atrophy of the right lobe and the hypertrophy of the left lobe. However, proving this hypothesis by in vivo experimentation is difficult.
In recent years, CFD has shown great potential in computational biology and biomechanics due to the limitations of traditional measurement methods. In the study of portal system hemodynamics, Botar, et al. [11] implemented the Reynolds stress model to describe hemodynamics in the PV system. Petkova, et al. [12] examined blood flow in idealized models of the PV with and without thrombosis to evaluate its impact on the flow behavior. George [13] employed an idealized PV model to simulate how the blood coming from the SV and SMV distributes between the left and right lobes of the liver.
To our knowledge, numerical simulation of the distribution of PV blood flow and the validation of the hepatotrophic factor hypothesis have not been undertaken to date. In this study, we constructed an idealized PV model and specific PV models based on the CT images acquired from four normal subjects and two subjects with liver cirrhosis to validate this hypothesis through computational hemodynamics. After validating the algorithm by in vitro experiment, we calculated the mass fraction of blood from the SV in each branch of the PV to test the hypothesis of hepatotrophic factor distribution. In the preliminary investigation, we developed an idealized but physically representative model of the PV system. As shown in Figure 1 , the model consists of the SMV and SV joining to form the PV, which then divides into the LPV and RPV. The vessel parameters, which are listed in Table 1 , were obtained from literature. The angle between the SMV and SV is from 90 o to 175 o , while the angle between the LPV and RPV is from 80 o to 120 o . The cell number in the idealized models is from 525895 to 680691. We constructed and meshed the idealized models using GAMBIT 2.4.0 with tetrahedral grids before importing them to Fluent 6.3 to calculate the blood flow field.
Methods

Idealized portal vein model
The idealized models were divided into a normal group and a cirrhosis group. The diameters of the PV, RPV, LPV, SMV, SV in the normal group were 10.8 mm, 8.3 mm, 7.3 mm, 8.6 mm, and 6.4 mm, while in the cirrhosis group they were 14.0 mm, 7.4 mm, 7.5 mm, 10.9 mm, 8.5 mm, respectively. We compared the normal group diameters with the experimental results to validate our numerical method, and we compared the cirrhosis group diameters with the normal group to validate the hypothesis about hepatotrophic substances.
Patient-specific models
In order to simulate the hemodynamics of real PV systems, we constructed patient-specific models from two patients with liver cirrhosis and a set of four subjects with normal livers. Data from all the subjects were collected through computed tomography (CT, Toshiba Aquilion ONE 320, Japan) in Huaihe Hospital, affiliated with Henan University. Scans occurred with the subjects in a supine position, and the scanning area extended from the SMV to the bifurcation of the first porta hepatic. For each subject, the process produced 320 layers of scanning images with a thickness of 0.5 mm in the scanning time of 0.35 seconds. The CT images, which adhered to the Digital Imaging and Communications in Medicine (DICOM) standard, were used to reconstruct a three-dimensional model of the portal vein system. The four subjects in the control group had no history of liver disease, and the livers were all functioning normally. The two patients with liver cirrhosis differed in that Patient 1's morphological structure showed no obvious changes in the PV system, whereas Patient 2's right hepatic lobe had atrophied and the SV had obviously expanded. Mimics software reconstructed the geometry of the PV system models for CFD simulation, as shown in Figure 2 . To facilitate the hemodynamic calculations, some small parts of the threedimensional reconstruction of the PV system were pruned, retaining only the PV and its main branch vessels including the LPV, RPV, SMV and SV. The finite element analysis (FEA) module of Mimics meshed the geometric models, which were then imported into FLUENT 6.3 to calculate the blood flow field. The cell numbers of the reconstructed models ranged from 50000 to 70000.
Hemodynamics modelling
Blood in the PV system demonstrates laminar flow with a Reynolds number ranging from 638 to 730. Because the PV is far from the heart, the influence of the cardiac cycle can be disregarded. For simplicity, vessel walls were assumed to be rigid, and blood was considered to behave as a Newtonian fluid.
The mass and momentum conservation equations for three-dimensional incompressible laminar flow are written as follows:
where ρ , p , u are the fluid density, pressure and velocity, respectively. The boundary conditions used in all models were a constant flat profile inlet velocity for the SMV and SV. The average axial velocities of blood in the SMV and SV for the control group were respectively 0.210 m/s and 0.179 m/s, while the average velocities of blood in the SMV and SV for the cirrhosis patients were 0.175 m/s and 0.182 m/s, respectively. The outflow was pre-defined according to the literature, with flow rate weighting 0.6 for the RPV and 0.4 for the LPV [13] . A non-slip boundary condition was implemented at the vessel wall. The distribution of spleen-derived blood can be obtained from the following convection diffusion equation: where i Y and i J are the mass fraction and diffusion flux, and i R and i S are the chemical reaction rate and generation rate of the species, respectively. i Y represents the mass fraction of the spleen-derived blood with a SV inlet value of 100% and a SMV inlet value of 0%. In the present model, i R and i S are neglected because there is no chemical reaction or source term. Since hepatotrophic factors exist only in spleen-derived blood, the percentage of the spleen-derived blood directed into the left and right hepatic lobes can be calculated by spleen-derived blood diffusion in different models, which will allow verification of the hepatotrophic factors hypothesis.
Experiment to verify the numerical algorithm
We conducted an experiment to validate the numerical algorithm with the results of the idealized model. Figure 3 describes the experimental facility schematically. Two peristaltic pumps with lowpulsation heads (DMD25, Lead Fluid, China) produced a constant flow of working fluid from two tanks. The flow rate ranged from 289.5 to 906.2 mL/min with an error of less than 1%. Working fluid was delivered to the transparent idealized PV model made of polymethylmethacrylate (PMMA). We used particle image velocimetry (PIV, TSI, USA) to measure the flow field in the idealized model with different inlet velocities (SMV: 0.02-0.26 m/s; SV: 0.15-0.23 m/s). After flowing out of the test section, the working fluid collected in the dump tank. Since blood easily denatures, we used a 40% aqueous solution of glycerol as the working fluid, whose physical properties (density and viscosity) and refractive index are similar to those of blood [14] .
The curvature of the PV model can cause severe optical distortions during flow imaging. To mitigate these distortions, we immersed the model in a transparent glycerin-filled rectangular test section with flat faces. This method matched the refractive indexes of the solution and the model, effectively reducing optical distortions. were observed in the PIV results due to the non-ideal flat distribution of inlet flow and measurement error. Figure 6 describes the influence of SV inlet velocity on the blood velocity distribution in the idealized model of the PV. As shown in the figure, PV velocity increased as SV inlet velocity increased. As SV inlet velocity increased, the backflow region near the SV in Figure 4 . (blue area) increased due to more intense mixing of blood. In addition, blood velocity in the RPV significantly increased as SV inlet velocity increased, because the increase in SV inlet velocity led to a corresponding increase in PV velocity with the peak velocity shifting to the right side of the PV (Figure 7) . The peak velocity shifted because of the impact of increasing SV inlet velocity on the PV flow. Figures 8 and 9 illustrate the influence of SMV inlet velocity on the PV velocity distribution. As shown in the figure, PV velocity increased as SMV inlet velocity increased, and the peak velocity shifted to the left side of the PV as SMV inlet velocity increased. The increase in PV velocity occurred due to the increased blood flow in the PV system, and the peak velocity shifted because of the impact of the increasing SMV inlet velocity on the PV flow. Using the control group's idealized models, we calculated the diffusion of spleen-derived blood to validate the hepatotrophic factors hypothesis. As shown in Figures 10(a) and 10(b) , the numerical results from the idealized models proved that the length and diameter of the PV exerted an important influence on the distribution of spleen-derived blood from the SV. With the increase in PV length, the mass fraction of spleen-derived blood increased in the RPV and decreased in the LPV. Moreover, the mass fraction of blood from the SV decreased in the RPV and increased in the LPV when the diameter of PV increased (PV diameter>13 mm). However, the diameter was less closely related to the distribution of spleen-derived blood than was the inlet flow rate. As shown in Figures 10(c) and 10(d) , neither the angle between the SV and SMV nor the angle between the RPV and LPV had a significant effect on the distribution of spleen-derived blood when they were symmetric distribution.
Results and discussions
Experiment validation of the numerical algorithm
Idealized models
Control group
As illustrated in Figure 11 , the control group results showed that the mass fraction of spleen-derived blood in the RPV and LPV increased linearly with an increase in the SV flow rate and decreased linearly with an increase in the SMV flow rate, due to the respective increase and decrease in the flow of spleen-derived blood in the PV system.
The cirrhosis group
Compared with the control group, geometric changes in the cirrhosis group are mainly reflected in the vasodilation of the PV, SMV and SV due to portal hypertension. The inlet flow setting in the cirrhosis group was consistent with the control group. As shown in Figure 12 , results from the cirrhosis patient models showed that the mass fraction of blood from the SV was similar in the RPV and LPV when the inlet flow rate remained low. As the SV flow rate increased, the mass fraction of blood from the SV in the LPV increased more rapidly than in the RPV. When the SMV flow rate increased, the mass fraction of blood from the SV initially fell faster in the RPV than in the LPV. Combining inlet flow rate data from the literature with the above analysis, it can be concluded that PV hypertension leads to an increase in the mass fraction of blood from the SV in both the RPV and LPV, although it increases much faster in the LPV than in the RPV. As illustrated in Figure 12 , the mass fraction of spleen-derived blood in liver cirrhosis patients does not change linearly like in the control group shown in Figure 11 , due to the vasodilation of the PV, SMV and SV caused by portal hypertension.
Patient-specific models
The CT images showed that vessel geometry varied among the cirrhosis patients as well as the control group. As illustrated in Figure 2 , the SV diameter was much larger than the SMV diameter in cirrhosis patients, while opposite was true in the control group. Figure 13 shows differences in blood distribution among control group subjects and the cirrhosis patients. Significant changes in the mass fraction of blood from the SV occur with portal hypertension. Table 2 shows specific results for each subject. The PV structures of control group subjects showed certain differences, but the distributions of spleen-derived blood had a similar right-left branch ratio of 1.2-1.5, with the exception of Control 3. Control 3 differed from other control group subjects due to a very short PV trunk. As shown in Table 2 , the two liver cirrhosis patients had larger fractions of spleen-derived blood than control group subjects. The right lobe spleen-derived blood concentration of Patient 1 differed little from the control group, but the left lobe spleen-derived blood concentration increased significantly. The spleen-derived blood concentrations Patient 2's right and left hepatic lobes increased substantially compared with the control group. The right-left branch spleen-derived blood ratio in Patient 1 and Patient 2 was 0.7-0.8, very different from the control group. These results demonstrate that the distribution of spleen-derived blood changes greatly in patients with liver cirrhosis. 
Conclusion
This study focused on the simulation of blood flow in PV system models in order to validate the hypothesis that changes in the routing of hepatotrophic factors through the LPV and RPV due to portal hypertension cause the right hepatic lobe atrophy and left hepatic lobe hypertrophy characteristic of advanced cirrhosis. We conducted in vitro experimentation and computational fluid dynamics (CFD) simulation for both an idealized model and specific models based on the CT images acquired from four healthy subjects and two patients with liver cirrhosis. The numerical results agreed well with the experimental measurements, validating the CFD algorithm. Modeling of the control group and the cirrhosis group demonstrated that changes to PV, SMV, and SV diameters, SV inlet flow rates and SMV inlet flow rate lead to obvious changes to the mass fraction of spleen-derived blood flow to the right and left hepatic lobes. The flow rate increase characteristic of portal hypertension causes the mass fractions of spleen-derived blood in the RPV and LPV to increase, with a greater increase occurring in the LPV than in the RPV. Simulation of specific subject results confirmed this conclusion. Subject-specific results showed that the mass fraction of spleen-derived blood in the RPV was about 1.2-1.5 times that of the LPV in healthy subjects, with the ratio reduced to 0.7-0.8 in cirrhosis patients. These results confirm the hypothesis that the distribution of spleen-derived blood in the PV system significantly influences right-lobe atrophy.
